Molecular markers for alder, Alnus firma Sieb. et Zucc., have not been studied extensively. Here, we used amplified fragment lenb~,h polymorphism (AFLP) to investigate genetic relationships among 15 natural populations. EcoRI-ACG + MseI-CTG combinations revealed the highest polymorphism (62.2%). A total of 1 71 DNA fragments were identified. On average, 58.1% of the AFLP markers that were generated using four primer pairs were polymorphic. Diversity was insignificant among the populations. The combination of a wind-pollinated, outcrossing breeding system along with large population sizes, and the ability to regenerate by stump sprouting may explain the high level of genetic diversity within this species. The majority (98%) of the genetic variance resided within populations. The average number of individuals that were exchanged between populations per generation was very high (Nero = 12.3). Gene dispersal in alder is apparently by seed dispersalvia water and human activity as well as through pollen. Five individuals per population were claded in the same cluster.
uted at low elevations, especially on public forests. Therefore, our main goal in this study was to determine whether the establishment of plantations has eroded the level of genetic variation in these artificial populations, as has been shown in many recombination or artificial populations.
DNA markers are powerful tools for assessing the genetic relationships both within and among plant populations. These methods allow the assay of large numbers of DNA fragments that are distributed throughout a plant genome . DNA markers can reveal an immense numbers of genetic loci, are phenotypically neutral, and are not subject to environmental effects (Kim and An, 1996) . Therefore, they are especially informative, providing results that are superior to those revealed by traditional methods that use morphological traits and allozymes to resolve genetic differences. In addition, the debate is still ongoing about the selective neutrality of allozyme polymorphism. Molecular maker techniques may offset these limitations. Amplified fragment length polymorphism (AFLP) uses PCR-based genetic markers to rapidly screen for genetic diversity. AFLP is effective for analyzing genetic variation below the species level, particularly when investigating population structure and differentiation of subpopulations (Maughan et al., 1996; Paul et al., 1997) .
The objective of this study was to use AFLP markers to assess the amount and structure of genetic diversity 33 J. Plant Biol. Vol. 44, No. 1, 2001 within a natural population and to more finely discriminate all the tested genotypes rather than just with the allozymes. In addition, we compared the extent of genetic relatedness between Korean (manmade plantation) populations and the natural Japanese populations.
MATERIALS AND METHODS

Plant Materials
A. firma was gathered from five natural populations in Japan and ten artificial populations in Korea (Fig.  1) . One young leaf per mature tree was collected, with five plants randomly sampled in each popula-
tion. On average, each population covered approximately 1200 m 2. The distance between the selected individuals was about 20 m to avoid including individuals with a common lineage. In addition, one population of another species, Alnus hirsuta, was used for the outgroup samples and to compare phylogenetic relationships.
DNA Extraction and AFLP Analysis
DNA was extracted using the plant DNA Zol Reagent (Life Technologies Inc., Grand Island, NE, U.S.A.), following the manufacturer's protocol. AFLP analysis was carried out according to the method of Vos et al. (1995) , with some minor modifications. We digested 125 ng rather than 500 ng of genomic DNA, (Table  1) . After inactivation at 70~ for 15 min, ligation on the adapters was performed; i.e., 12 I~L of adapter ligation solution and 0.5 t~L of T4 ligase (AFLP core Kit) were added to the digested DNA. The resulting reaction mixture was incubated at 20~ for 2 h. This was followed by a preamplification step using primers that were complementary to the adapters, with one additional selective 3' nucleotide. This step was performed in a total volume of 25.5 laL that contained 2.5 I~L of ligation mixture (diluted 10 times in TE). PCR was performed under the following temperature conditions: 20 cycles of denaturation at 94~ for 30 s, followed by annealing at 56~ for 60 s, ending with extension at 72~ for 60 s.
Selective amplification was performed in a 20-pL final volume containing 5 t~L of preamplification products (diluted 50 x in TE), with primers having additional nucleotides (i.e., 4-bp EcoRI primers and 3-bp Msel primers). Amplification followed a temperature regimen of 1 cycle denaturation at 94~ for 60 s, followed by annealing at 65~ for 60 s, ending with extension at 72~ for 90 s. This was then followed by 10 cycles under the conditions listed above (except with a 1~ lower annealing temperature each cycle), and finally 23 cycles of 94~ for 30 s, 56~ for 30 s, and 72~ for 60 s. Amplification was performed with four primer combinations ( Table 2) .
Gel electrophoresis followed the protocol for the AFLP TM Analysis System I (GibcoBRL). The staining procedure included incubation with a silver nitrate solution, development with a sodium carbonate solution, and fixing with acetic acid, according to the Silver Sequence DNA Sequencing TM System's protocol (Promega Co., Madison, Wl, U.S.A.).
Statistical Analyses
All monomorphic and polymorphic AFLP bands visible by eye were scored; only unambiguously scored bands were used in the analyses. Each polymorphic AFLP band was given a score of either 1 (present) or 0 (absent). The degree of polymorphism was quantified using Shannon's index of phenotypic diversity (Bowman et al., 1971) :
where pi is the frequency of a particular phenotype i (King and Schaal, 1989) . Ho can be calculated and compared for different populations (Paul et al., 1997) . Let Hpop = 1/n Z Ho be the average diversity over 'n ~ different populations and let Hsp = -Z p Iogp be the diversity calculated from the phenotypic frequencies p in all the populations considered together (Paul et al., 1997) . Then the proportion of diversity present within populations, Hpop/Hs~ can be compared with that between populations, (Hsp-Hpop)/ Hsp.
The sum of the effective number of alleles (AE) was calculated by determining the effective number of alleles for each locus (Powell et al., 1996) :
The estimation of genetic similarity (GS) between genotypes was based on the probability that an amplified fragment from one individual will also be present in another (Nei and Li, 1979) . GS = 2 x Number of shared fragments between A and B/ (Number of fragments in A + Number of fragments in B). GS was converted to genetic distance, i.e., 1-GS (Le Thierry et al., 2000) . Homogeneity of variance among populations was tested by Bartlett's statistics. Genetic differentiation measured by GsT among populations was also calculated. Finally, gene flow between population pairs was calculated from GST values by Nem = 1/4(1/GsT-1) (Wright, 1951) .
Cluster Analyses
A phylogenetic tree was constructed according to the neighborjoining (NJ) method (Saitou and Nei, 1987) , using the NEIGHBOR program in PHYLIP version 3.57 (Felsenstein, 1993) . The correlation between geographical and genetic distances was evaluated using a modified Mantel's test (Smouse et al., 1986) .
RESULTS
Genetic Diversity
AFLP fingerprinting of alder with four primer combinations revealed a total of 171 unambiguous amplified DNA fragments (Table 2 ). On average, 39.5 bands were scored per primer combination. The EcoRI-ACG + MseI-CTG combinations showed the highest polymorphism (62.2%). Although primers vary in their capacity to detect polymorphism, those used in this experiment were not significantly different. Banding patterns were distinct and reproducible in the size interval of 100-900 bp, so the fragments from that interval were included in further analyses. Our analysis permitted unique identification of each selected individual, thereby ensuring that the collection did not contain genetic duplicates. This facilitated analysis of the distribution of genetic diversity among individuals as populations.
The phenotypic frequencies detected with the four primer combinations were calculated and used in estimating genetic diversity (Ho) within populations (Table 3 ). The average Ho was 3.607 across populations, ranging from 3.550 to 3.675. Notably, the natural Japanese populations of A. firma showed higher population variability than did the artificial Korean populations, in terms of the mean percentage of polymorphism, the mean number of bands, and Ho). In particular, the sum of the effective number of alleles (AE) differed significantly between the Korean and Japanese groups (F = 14.66, df = 1; Fig. 2 ). However, these two groups did not show significant differences in Bartlett's test for homogeneity of variance (0.50< P <0.75). Although the Korean and Japanese populations were isolated and sporadically distributed, they maintained a high level of genetic diversity. The same was observed for the average diversity (Hsp), where the mean was 3.680 (Table 4) . 
Population Structure
Shannon's index of phenotypic diversity was used to partition the diversity into within-and among-population components. On a per primer-combination basis, the proportion of total genetic variation due to differences among populations (GsT) ranged from 0.011 for AAC-CTG to 0.025 for ACC-CAT, with a mean of 0.020. Thus, the majority (98.0%) of the genetic variation resided within populations (Table 4) . Likewise, this proportion of diversity within populations, HpoffHs~ meant that only 2.0% of the total genetic diversity was among populations. The average number of individuals exchanged between populations per generation was very high for our 15 alder populations (Nem = 12.3).
A similarity matrix based on the proportion of Table 5 . Similarity matrix (below diagonal) of 15 populations based on AFLPs using Nei and Li (1979) and genetic distances (above diagonal) according to Le Thierry et al. (2000) .
Pop .  J1  J2  J3  J4  J5  K1  K2  K3  K4  K5  K6  K7  K8  K9 Plant Biol. Vol. 44, No. 1, 2001 shared fragments (GS) was used to establish the relationships between the populations (Table 5 ). The similarity of GS ranged from 0.801 between Populations 2 and 15 to 0.994 between Populations 10 and 11, with a mean of 0.949. The genetic relationships among the populations can be seen in the NJ phylogenetic tree (Fig. 3) . Five individuals per population were claded in the same cluster. The single outgroup population (from A. hirsuta) clustered separately from the all populations of A. firma. Genetic distance and geographic distance were positively correlated (r = 0.65, P < 0.05).
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DISCUSSION
Genetic Diversity
One advantage of AFLP-based DNA fingerprinting is its potential for exposing large genetic polymorphism, thereby providing nearly complete coverage of the whole genome (Aggarwal et al., 1999) . On average, 58.1% of the AFLP markers were polymorphic (Table 2 ). This level of polymorphism is lower than that reported in Azadirachta indica (Singh et al., 1999) , but is higher than for sunflower (48%; Hongtrackul et al., 1997) , soybean (36%; Maughan et al., 1996) , rice (22%; Maheswaran et al., 1997) , and coconut (27%; Teulat et al., 2000) .
A. hirsuta and A. firma in Korea also maintained higher levels of allozyme variation (Huh, 1999; Huh and Huh, 1999) . For example, the mean percentage of polymorphic loci was 62.8%, while the mean genetic diversity within populations was 0.207. These values were higher than for two Canadian alder species [Alnus rugosa (Du Roi) Spreng. and Alnus crispa (Ait.) Parsh.]. Because the species and methodology differed in the current study, our results may preclude meaningful direct comparisons (Karron, 1987) . The dispersal process might possibly erode the levels of genetic diversity in derived species, as has been shown by Purdy et al. (1994) . Those allozyme and AFLP marker results are consistent with the hypothesis that East Asia is the primary center of diversity for alder species (Furlow, 1979; Bousquet et al., 1988) .
The erosion of genetic diversity (Ho) occurred in Korean populations through geographical and sexual isolations from its supposed distribution center, which resulted in reduced genetic diversity. The combination of a wind-pollinated, outcrossing breeding system, along with large population sizes, and the ability to regenerate by stump sprouting may explain the high level of genetic diversity within populations (Huh 1999; Huh and Huh, 1999) .
